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FIG. 8
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GRIP FORCE CONTROL FOR ROBOTIC
SURGICAL INSTRUMENT END EFFECTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 15/090,059, filed on Apr. 4, 2016, which 1s a
divisional of U.S. patent application Ser. No. 13/655,999,
filed on Oct. 19, 2012, (now U.S. Pat. No. 9,314,307), which
claims the benefit of priority of U.S. Provisional Application
No. 61/550,356, filed Oct. 21, 2011, the entire contents of
cach of which 1s incorporated by reference herein in 1ts
entirety.

TECHNICAL FIELD

The present disclosure 1s generally directed to controlling
a surgical instrument end eflector. More particularly, aspects
of the present disclosure relate to controlling the gripping
force of an end eflector for a robotically-controlled surgical
instrument.

INTRODUCTION

Minimally invasive surgical techniques generally attempt
to perform surgical procedures while minimizing damage to
healthy tissue. Robotically-controlled surgical instruments
can be used to perform various minimally 1nvasive surgical
procedures remotely. In such systems, surgeons mampulate
vartous iput devices at a surgeon console (sometimes
referred to herein as master inputs). The mput at the surgeon
console 1s communicated to a patient side cart that interfaces
with one or more robotically-controlled surgical instru-
ments, where teleoperated/telerobotic manipulation of the
surgical instrument occurs to perform a surgical and/or other
procedure on the patient.

Minimally 1nvasive, robotically-controlled surgical
istruments may be used 1n a variety of operations and have
various configurations. Many such instruments include a
surgical end effector mounted at a distal end of a long shaft
that 1s configured to be inserted (e.g., laporoscopically or
thoracoscopically) through an opening (e.g., body wall
incision, natural orifice) to reach a remote surgical site
within a patient. In some instruments, an articulating wrist
mechanism 1s mounted to the distal end of the instrument’s
shaft to support the end eflector and alter an orientation (e.g.,
pitch and/or yaw) of the end effector with reference to the
shaft’s longitudinal axis.

Telerobotically controlled end effectors may be config-
ured to perform various functions, including any of a variety
of surgical procedures that are conventionally performed 1n
either open or manual minimally nvasive surgical proce-
dures. Examples include, but are not limited to, sealing,
cutting, cauterizing, ablating, suturing, stapling, etc. The end
ellectors may include a gripping device, such as jaws or
blades, 1n cases in which tissue may need to be grasped and
held as a procedure 1s performed, for example, during
sealing (e.g., via cauterizing) or cutting of the tissue. In some
instances, the control of the gripping device of a surgical
istrument end eflector occurs through master grip nput
from a surgeon at the surgeon console. To control motion of
an end eflector, servo-actuators (e.g., servo motors), can be
used to transmit force or torque to various components that
ultimately transmit from a transmission mechanism that
interfaces with the patient side manipulator down the shatt
and to the end eflector.
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In some cases, when using a surgical instrument that
includes an end eflector having a gripping device, 1t may be

desirable to use the gripping device to move tissue and/or
other material at the surgical site by gripping the same with
the gripping device. When using a gripping device in such
a manner, it may be desirable to use less gripping force 1n
comparison to a gripping force that may be desired to
achieve another surgical procedure, such as, for example,
sealing and/or cutting. For example, lower gripping forces
may be desirable when using the gripping device to move
tissue and/or other body parts/materials around so as to
minimize the risk of damaging the same. On the other hand,
higher gripping forces may be desirable when using the
gripping device for other procedures. For example, 11 the
oripping force 1s not high enough during a procedure such as
cutting, a translating blade used to cut transversely through
the tissue could push the tissue distally 1nstead of cutting all
the way through the tissue. Likewise, 1f the gripping force 1s
not high enough during a procedure such as sealing (e.g.,
cauterizing), for example, eflective contact for sealing of
tissue surfaces (e.g., opposing wall portions of a vessel) may
not be achieved.

The user may indicate that a higher gripping force 1s to be
used by, for example, squeezing a gripping mput mechanism
that controls the gripping force at the end eflector. The user
may 1nadvertently squeeze the gripping mput mechanism
too hard, resulting 1n a higher gripping force at the end
cllector during operations of the end eflector in which a
higher gripping force 1s not desired. For example, prior to or
alter performing a procedure that requires a higher gripping
force, such as sealing or cutting, the user may squeeze the
gripping input mechanism hard enough to result 1n higher
oripping forces at the end eflector. Using higher gripping
forces during operations that do not require higher gripping
forces, such as while the user 1s manipulating tissue prior to
or alter performing a sealing or cutting procedure, can lead
to undesirable and/or umntentional movements. For
example, undesired pitch or yaw motions may occur as the
end eflector rolls. In addition, unintentional and/or unsteady
movement of the end effector may occur during the high grip
force action due to movement in one of pitch/yaw by a wrist,
roll of the shaft, and/or translation along the shait. Such
movement instability of the end eflector can negatively
impact the desired surgical procedure.

There exists a need, therefore, to provide gripping force
control of a surgical instrument end effector gripping device
in order to address the various 1ssues faced when performing
robotically-controlled surgical procedures that rely on rela-
tively high gripping forces by such an end eflector.

SUMMARY

The present disclosure solves one or more of the above-
mentioned problems and/or demonstrates one or more of the
above-mentioned desirable features. Other features and/or
advantages may become apparent from the description that
follows.

In accordance with at least one exemplary embodiment,
the present teachings contemplate a method of controlling a
gripping force of an end eflector of a robotically-controlled
surgical 1nstrument. The method includes receiving a first
input signal indicative of a high grip level mput at a master
gripping mechanism that controls a slave gripping force of
the end eflector; recerving a second input signal indicative of
a user’s readiness to operate the surgical instrument to
perform a surgical procedure; and outputting an actuation
signal in response to receiving the first input signal and the
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second 1nput signal together to increase the slave gripping
force from a first level to a second level higher than the first
level during the surgical procedure.

Additional objects and advantages will be set forth 1n part
in the description which follows, and 1n part will be obvious
from the description, or may be learned by practice of the
present disclosure and/or claims. At least some of these
objects and advantages may be realized and attained by the
clements and combinations particularly pointed out 1n the
appended claims.

It 1s to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only and are not restrictive of the
invention, as disclosed or claimed. The claims should be
entitled to their full breadth of scope, including equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure can be understood from the fol-
lowing detailed description either alone or together with the
accompanying drawings. The drawings are included to pro-
vide a further understanding of the present disclosure, and
are incorporated 1n and constitute a part of this specification.
The drawings, which are incorporated 1n and constitute a
part of this specification, 1llustrate one or more embodiments
of the present disclosure and, together with the description,
serve to explain certain principles and operation. In the
drawings,

FIG. 1A 1s a state diagram depicting a gripping force
control scheme for a robotically-controlled surgical instru-
ment 1 accordance with at least one exemplary embodi-
ment;

FIG. 1B 1s a state diagram depicting a gripping force
control scheme for a robotically-controlled surgical instru-
ment 1n accordance with another exemplary embodiment;

FIG. 2 1s a state diagram depicting a gripping force
control scheme for a robotically-controlled surgical instru-
ment 1 accordance with at least one exemplary embodi-
ment;

FIG. 3 1s a state diagram depicting a gripping force
control scheme for a robotically-controlled surgical instru-
ment 1 accordance with at least one exemplary embodi-
ment;

FIG. 4 1s a state diagram depicting a gripping force
control scheme for a robotically-controlled surgical instru-
ment 1 accordance with at least one exemplary embodi-
ment,

FIG. 5 1s a state diagram depicting a gripping force
control scheme for robotically-controlled surgical instru-
ment 1 accordance with at least one exemplary embodi-
ment,

FIG. 6 1s a perspective view of a robotically-controlled
surgical nstrument 1 accordance with at least one exem-
plary embodiment;

FIG. 7 1s a detailed view of an exemplary end eflector
corresponding to a portion of the surgical instrument of FIG.
6 in accordance with an exemplary embodiment;

FIG. 8 15 a diagrammatic view of an exemplary robotic
surgical system configured to operate a robotically-con-
trolled surgical instrument in accordance with at least one
exemplary embodiment;

FIG. 9A 1s a side view of a master grip input mechanism
in an open position in accordance with an exemplary
embodiment; and
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FIG. 9B 1s a side view of a master grip input mechanism
in a closed position in accordance with an exemplary
embodiment.

DETAILED DESCRIPTION

This description and the accompanying drawings 1llus-
trate exemplary embodiments and should not be taken as
limiting, with the claims defining the scope of the present
disclosure, including equivalents. Various mechanical, com-
positional, structural, electrical, and operational changes
may be made without departing from the scope of this
description and the mvention as claimed, including equiva-
lents. In some 1nstances, well-known structures, and tech-
niques have not been shown or described 1n detail so as not
to obscure the disclosure. Like numbers in two or more
figures represent the same or similar elements. Furthermore,
clements and their associated aspects that are described 1n
detail with reference to one embodiment may, whenever
practical, be included in other embodiments 1n which they
are not specifically shown or described. For example, 11 an
clement 1s described in detail with reference to one embodi-
ment and 1s not described with reference to a second
embodiment, the element may nevertheless be claimed as
included 1n the second embodiment. Moreover, the depic-
tions herein are for illustrative purposes only and do not
necessarily reflect the actual shape, size, or dimensions of
the system or the electrosurgical instrument.

It 1s noted that, as used in this specification and the
appended claims, the singular forms “a,” “an,” and “the,”
and any singular use of any word, include plural referents
unless expressly and unequivocally limited to one referent.
As used herein, the term “include” and 1ts grammatical
variants are intended to be non-limiting, such that recitation
of 1tems 1n a list 1s not to the exclusion of other like 1tems
that can be substituted or added to the listed items.

In accordance with various exemplary embodiments, the
present disclosure contemplates controlling a robotically-
controlled surgical mstrument end effector gripping device
such that a relatively lower or higher gripping force may be
exerted by the gripping device, depending upon the appli-
cation 1mnvolved as indicated by input received at a surgeon
console. For example, for procedures such as grasping and
moving tissue and/or other matenal (e.g., body structures) at
a surgical site, the end eflector gripping device may be
controlled to exert a relatively lower gripping force to allow
the tissue to be grasped and moved without unnecessarily
damaging the tissue. On the other hand, for procedures such
as, for example, sealing or cutting, the end eflector gripping
device may be controlled to exert a higher gripping force
suflicient to hold the tissue relatively firmly to effectively
perform the desired surgical procedure that 1s implemented
with a relatively high gripping force. Various exemplary
embodiments, therefore, provide an automatic control tech-
nique of an end eflector gripping device to elevate and hold
the gripping force at relatively higher levels during the
appropriate procedures and lower levels during other pro-
cedures 1n which the high gripping force 1s not necessary and
may not be desirable.

In addition, 1n order to avoid instability of the surgical
istrument end eflector due to the higher gripping force that
occur when the user grips a master gripping mput mecha-
nism beyond a gripping force threshold, various exemplary
embodiments limit the higher gripping force from occurring
when the operation that necessitates the higher gripping
force 1s not being performed. In particular, 1n accordance
with various exemplary embodiments, in order to constrain
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the higher gripping force only to the procedure that requires
the higher gripping force, a method of controlling a gripping
force of an end eflector provides a higher gripping force
based on two mnputs from a surgeon—the first input being
indicative of a higher gripping level mput by the user at a
surgeon master gripping mput and the second input being
indicative of the user’s readiness to operate the surgical
istrument to perform a surgical procedure that utilizes the
relatively higher gripping force of the end eflector. In
accordance with various exemplary embodiments, the grip-
ping force of the end effector (slave grip force) 1s controlled
by altering or limiting a torque of an electric motor (e.g.,
servo motor) at the patient side cart that mterfaces with a
drive input of a transmission mechanism associated with the
surgical instrument.

In addition, various exemplary embodiments provide a
method of locking (1.e., preventing actuation) one or more
degrees of freedom of the end eflector during certain sur-
gical procedures to provide a higher level of stability while
the procedure 1s being performed.

Although the exemplary embodiments and description
below focus mainly on controlling gripping force of a
surgical mnstrument during sealing and cutting procedures,
the principles of the exemplary embodiments could be
applied to other surgical procedures, including but not
limited to, for example, clamping of a vessel or other hollow
body structure, cutting tissue using pivoting blades of an end
cllector, surgically stapling tissue, and/or other procedures
where a relatively high gripping force may be desirable. For
some of these mstruments and associated procedures, the
relatively high end effector gripping force 1s generated by a
servo motor torque that i1s higher than the highest motor
torque normally used to operate other jawed instruments,
such as surgical shears, tissue graspers, needle drivers, and
the like.

With reference to FIG. 6, an exemplary embodiment of a
robotically-controlled surgical mnstrument 600 1s depicted.
FIG. 6 1s a perspective view of the surgical instrument 600,
and FIG. 7 1s a detailed view of an exemplary, non-limiting
embodiment of the corresponding portions denoted 1n FIG.
6 that the surgical instrument 600 can include. The directions
“proximal” and “distal” are used herein to define the direc-
tions as shown in FIG. 6, with distal generally being 1n a
direction further along a kinematic arm or closest to the
surgical work site in the intended operational use of the
istrument 600, for example, in use for performing surgical
procedures. The “proximal” and “distal” directions as used
herein are labeled on FIG. 6. As shown in FIG. 6, the
instrument 600 generally includes a force/torque drive trans-
mission mechanism 602 at 1ts proximal end, an 1nstrument
shaft 604 mounted to the transmission mechanism 602, and
an end eflector 606 disposed at the distal end of the shatt
604. In the exemplary embodiment shown i FIG. 6, the
surgical mstrument 600, a portion of which 1s shown 1n more
detail 1n FIG. 7, also includes an optional articulating wrist
mechanism 608 mounted at the distal end of the shait 604 to
support the end effector 606 and change 1ts orientation with
reference to the shait’s 604 longitudinal axis.

In an exemplary embodiment, the instrument 600 1s
configured to be mounted on and used with a minimally
invasive robotic surgical system, which 1n an exemplary
embodiment i1ncludes a patient side cart 800, a surgeon
console 802, and an electronics/control console 804, as
illustrated 1n a diagrammatic view of FIG. 8 (it 1s noted that
the system components in FIG. 8 are not shown i any
particular positioning and can be arranged as desired, with
the patient side cart being disposed relative to the patient so
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as to eflect surgery on the patient). A non-limiting, exem-
plary embodiment of a robotic surgical system with which
the mstrument 600 can be utilized 1s a da Vinci® S1 (model
no. IS3000) commercialized by Intuitive Surgical, Inc. of
Sunnyvale, Calif.

The robotic surgical system 1s used to perform minimally
invasive robotic surgery by interfacing with and controlling
a variety of surgical istruments, as those of ordinary skill 1n
the art are generally familiar. The patient side cart 800
includes various arms 810 for holding, positioning, and
mampulating various tools. As shown in FIG. 8, one arm 810
1s configured to interface with and control a robotically-
controlled surgical instrument 600, including an end efiector
606. In general, the surgeon console 802 receives inputs
from a surgeon by various mput devices, including but not
limited to, grip input levers 900a, 9005 of a master grip input
mechanism 806 and foot pedals 808, etc., and serves as a
master controller by which the patient side cart 800 acts as
a slave to implement the desired motions of the surgical
istrument(s) (e.g., mstrument 600) interfaced therewith,
and accordingly perform the desired surgical procedure. The
patient side cart 800 can include a plurality of jointed arms
810 configured to hold various tools, including, but not
limited to, for example, a surgical mstrument with an end
ellector (e.g., surgical mstrument 600), and an endoscope
(not shown). An electronic data processing system, includ-
ing a processing device, and which may be provided at one
or more of the surgeon console 802, the electronics/control
console 804 and the patient side cart 800, may receive and
process mputs from the surgeon console 802 and control the
mampulation of the surgical mstrument 600 at the patient
side cart 800 based on the iputs recerved at the surgeon
console 802. However, the present disclosure 1s not limited
to recerving inputs at the surgeon console 802, and inputs
may be received at any device which results 1n manipulation
of an end eflector of the surgical mstrument 600. The
surgical mstrument 600 may be manipulated at the patient
side cart 800, or alternatively, may be mampulated 1n
combination with any other type of surgical instrument
support device, or entirely separately from a support device,
as a result of inputs received from the user, e.g., the surgeon.

In various exemplary embodiments, inputs from the sur-
geon console 802 or from 1nput units otherwise accessible to
a surgeon can be provided to the controller(s) via various
master input devices, such as, for example, one or more
pedals 808, and one or more hand-held grip mput levers
9004, 9005. In various exemplary embodiments described
herein, the pedals 808 may be used to send signals to
perform a sealing and/or cutting operation of the robotically
controlled surgical mstrument 600 and the hand-held grip
mput levers 900a, 9000 may be used to send signals to
control movement of the wrist 608 (e.g., pitch/yaw move-
ment), the instrument shait 604 (e.g., roll and/or translation),
and/or opening and closing (gripping) movement of an end
ellector gripping device (e.g., jaws or blades). Those having
ordinary skill in the art are familiar with the general use of
such teleoperated robotic surgical systems to provide input
from a surgeon at a surgeon console to ultimately ellect
operation of a surgical mstrument interfacing with a patient
side cart.

Based on the master inputs at the surgeon console 802, the
patient side cart 800 can interface with the transmission
mechanism 602 of the surgical mstrument 600 to position
and actuate the mstrument 600 to perform a desired medical
procedure. For example, based on the master inputs from the
surgeon console 802, the transmission mechanism 602,
which includes various torque/drive input mechanisms (e.g.,
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in the form of drive disks) configured to be driven wvia
teleoperated servo actuators (e.g., motors) associated with
the patient side cart 800, can transmit the mputs into various
forces and/or torques to ultimately actuate (drive) the overall
mstrument 600 to perform a surgical procedure. For
example, master inputs from the surgeon console 802 can be
converted at the patient side cart 800 through the transmis-
sion mechanism 602 to roll shaft 604, articulate the wrist
608 relative to the shaft (e.g., in pitch and/or yaw), and/or to
open and close the gripping device 700 (see FIG. 7).

The electronics/control console 804, which may include,
for example, an electrosurgical processing unit, receives and
transmits various control signals to and from the patient side
cart 800 and the surgeon console 802, and can transmit light
and process 1mages (e.g., from an endoscope at the patient
side cart 800) for display, such as, for example, display 812
at the surgeon console 802 and/or on a display 814 associ-
ated with the electromics/control console 804. Those having
ordinary skill in the art are generally familiar with such
clectronics/control consoles of robotically controlled surgi-
cal systems.

The patient side cart 800 1s positioned proximate to a
patient and the surgical mstrument 600 1s used to perform
various surgical procedures at a work site 1 the patient’s
body through the use of the remotely actuated end eflector
606. Exemplary surgical procedures that the end effector 606
can perform include, but are not limited to, for example,
clamping of a vessel or other hollow body structure, cutting
tissue using pivoting blades of an end eflector, and/or other
procedures where a relatively high gripping force may be
desirable.

With reference now to FIG. 7, an exemplary embodiment
of an end eflector 606 of the instrument 600 1s shown,
although the end effector 606 1s not limited thereto and may
be any end eflector configured for use to perform surgical
procedures that utilize gripping forces. The end effector 606
may be provided with a gripping device 700, such as, for
example, opposing jaws 701a, 7015 or gripping blades (e.g.,
similar to scissors), provided at the end effector 606. The
1aws 701a, 7015 are configured to move to and from an open
position and a closed position. In the closed position, the
jaws 701a, 70156 can grip material, such as tissue and the
like. In an exemplary embodiment, the jaws 701a, 7015 can
deliver electrosurgical energy, for example via electrodes
provided on opposing faces of the jaws 701a, 7015, sufli-
cient to seal (e.g., cauterize) tissue together. In addition, the
end effector 606 may also include a cutting element 1n the
form of a short cutting blade 702 attached to a cable 704.
The cutting blade 702 may be received 1 a groove 706 of
the bottom jaw 7015 and operable to traverse in proximal
and distal directions along a length of the jaws 701a, 7015
to perform a cutting operation. While FIG. 7 shows an
example of an end eflector that may be used during opera-
tion of the gripping force control method, 1t 1s to be
understood by those of ordinary skill in the art that any type
of end eflector may be used 1n which a relatively high
oripping force 1s used during the implementation of a
surgical procedure, such as, for example, cutting or sealing.
For more details regarding an exemplary embodiment of a
surgical instrument and end eflector with which gripping
force control according to the present disclosure may be
implemented, reference 1s made to U.S. Provisional Patent
Application No. 61/491,698 (filed on May 31, 2011; entitled
surgical instrument with motor), the entire contents of which
are 1ncorporated herein by reference.

With reference now to FIGS. 1A-1B, and 2-4, event-based

state diagrams are shown which illustrate exemplary meth-
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ods of controlling the gripping force of the end eflector 606
of the surgical mstrument 600. The state diagrams 1llustrate
clements S0-Sn (where n=1, 2, 3, . . . ). Elements S0-Sn
illustrate the occurrence of events and are not necessarily
intended to correspond with periods of time. Flements
S0-Sn do not necessarily correspond to the same occur-
rences 1n each of the state diagrams and are to be read
independently of one another, depending on the individual
state diagram. However, one of ordinary skill in the art
would understand that elements S0-Sn may relate to times at
which each of the events occurs. At S0, prior to the user, e.g.,
a surgeon, exerting actuating force on master grip input
levers 900a, 9005 of a master grip input mechanism 806 at
the surgeon console 802, the master grip input signal 100 1s
in an “ofl” state. Also, the gripping force (e.g., slave grip
102) of the gripping device 701 1s 1n an “ofl” state at S0. As
described above, 1n an exemplary embodiment, therefore no
torque 1s provided by the teleoperated servo motor that
controls the opening/closing (gripping) of the jaws 701a,
7015. Further, a procedure input 104 indicative of the user’s
command to cause a surgical procedure relying on a rela-
tively high gripping force (e.g., sealing or cutting) to be
performed at the end eflector 606 of the surgical instrument

600 1s not recerved, and thus the seal or cut procedure 1nput
104 1s indicated to be 1n an ofl state in the state diagram of
FIG. 1A.

When the user at the surgeon console 802 i1s ready to
perform a procedure using the gripping device 700, e.g.,
jaws 701a, 7015, at S1 the user manipulates a master grip
input mechanism 806 at the surgeon console 802. For
example, the surgeon may squeeze grip levers 900a, 9005
together. However, the master grip mput 1s not limited
thereto and may be an input other than squeezing the
oripping levers 900a, 9006 together that provides an 1ndi-
cation from a user, e.g., a surgeon, that the user desires a
high slave gripping force at the end eflector. In an exemplary
embodiment, for example, the master grip mput may be a
user pressing one or more of the pedals 808.

In various exemplary embodiments, as depicted in the
diagrammatic view of FIGS. 9A and 9B, a so-called “bum-
per’ mechanism may be used to increase the resistance
against squeezing the levers 900a, 9006 together that the
user experiences as two grip levers 900a, 9006 are brought
closer together. As shown in FIGS. 9A and 9B, as the grip
levers 900a, 9006 are brought into closer contact, a biasing
transition mechanism including, for example, a first biasing
mechanism, such as, for example, a first coiled spring 902
(shown 1 FIGS. 9A-9B), a magnet, etc., and a second
biasing mechanism, such as, for example, a second coiled
spring 904, a magnet, etc. provides haptic feedback to the
user to provide an indication of squeezing against a first
level of resistance. Compression of the first biasing mecha-
nism 902 may indicate a lower gripping input range, while
compression of the second biasing mechanism 904 may
indicate a higher gripping mput range. In an exemplary
embodiment, the second biasing mechanism, for example,
second coiled spring 904 (see FIGS. 9A-9B) may have a
greater stiflness than the first biasing mechanism, e.g., first
spring 902. In an alternative exemplary embodiment, the
biasing system may rely on a single variable rate spring
where portions of the variable rate spring correspond to the
first biasing mechanism and the second biasing mechanism,
rather than the two diflerent springs shown 1n FIGS. 9A and
9B. For examples of biasing mechanisms, reference 1s made
to U.S. Pat. No. 6,594,552 (issued Jul. 15, 2003; entitled
“GRIP STRENGTH WITH TACTILE FEEDBACK FOR
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ROBOTIC SURGERY”), the entire contents of which are
incorporated by reference herein.

The biasing transition mechanism can provide the user
with feedback that the gripping device of the end eflector 1s
transitioning from a relatively lower gripping force to a
relatively higher gripping force. When the master grip input
100 1s mitiated at S1, and a master grip input signal 1s
generated, the torque of the motor that ultimately controls
the gripping force (slave grip 102) of the corresponding
oripping device 700, such as jaws 701a, 7015, begins to
increase to provide a gripping force to the gripping device
700. In another embodiment, the motor may actuate a clutch
mechanism, which actuates the gripping of the end eflector.
As the master grip input signal 100 increases between S1 to
S2, the corresponding force of the slave grip 102 increases
from zero gripping force at S1 to a low gripping force at S2.

At S2, the master grip mput signal 100 reaches a squeez-
ing force threshold that corresponds to a predetermined,
high grip level at the master grip input mechanism 806. In
vartous exemplary embodiments, the squeezing {force
threshold may correspond to any mnput at the master grip,
such as, for example, actuating the grip levers 900a, 9005 of
the master grip input mechanism 806 beyond some threshold
level of actuation, e.g., beyond a threshold range of motion
of the grip levers 900a, 9005 toward one another, that may
indicate that a higher slave gripping force 1s desired at the
end effector 606. In another exemplary embodiment, when
a mechanism 1s used to provide haptic feedback to the user,
such as 1 FIGS. 9A-9B, the compression amount may
correspond to a compression amount 1nto a higher gripping
force put range, for example, approximately 80% com-
pression applied to the second biasing mechanism or 80%
compression applied to the portion of the variable rate spring
corresponding to a second biasing mechanism. That 1s, the
actuation threshold may be indicated by, for example, the
compression of the second biasing mechanism, such as
second spring 904, to a point that 1s indicative of the user’s
intent to apply the higher gripping, rather than a reposition-
ing or shifting of the user’s grip. For example, a compression
ol the second biasing mechanism to a point 80% to 100% of
the fully closed/actuated position, may be indicative of an
intentional compression by the user. It should be understood
that the actuation threshold range 1s exemplary, and a
specific range may be chosen based on the type of proce-
dure, the type of grip used, the type of biasing mechanism
used, and other factors.

One of ordinary skill i the art would recognize that the
present disclosure 1s not limited to the biasing mechanisms
described and any of a variety of biasing devices or gripping
level indicators may be used. Regardless of the configura-
tion of the biasing mechamism, when the master grip input
mechanism 806 includes biasing mechanisms, the master
orip mput mechanism 806, such as gripping levers 900a,
9005, provides feedback to the user to indicate a lower
ogripping 1nput level and a higher gripping input level. In
addition, as above, the system recognizes that a higher
oripping mput level 1s achieved when the squeezing force
threshold at the master grip input mechanism 806 1s reached,
and at this point, the master grip input signal 100 1s at a
relatively high gripping input level.

Setting the squeezing force threshold to correspond to a
relatively high amount of the compression of the second
biasing mechanism can help to ensure that the user i1s
intending to provide a higher level of grip of the master grip
input mechanism 806, e.g., by providing feedback to the
user. This can provide an additional safety feature to assist
in preventing the user from increasing the master gripping
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force, and consequently the slave gripping force, to too high
a level when the user 1s not intending for that level to be
used.

As shown 1n FIG. 1A, in response to the user actuating the
master grip input mechanism 806 (e.g., grip levers), accord-
ing to some embodiments, the motor torque (and conse-
quently slave grip force 102) also increases, thereby increas-
ing the gripping force of the gripping device, indicated by
zero slave gripping force at 51 increased to a low gripping
force at S2. In other embodiments, the motor actuates a
clutch mechanism at the force/torque drive transmission
mechanism 602, which causes the slave gripping force. At
S2, a relatively low slave gripping force 1s output. In various
exemplary embodiments, the relatively low end effector grip
actuation torque output at S2 may be, for example, about 0.3
Nm.

From SO0 through S2, the procedure input 104, e.g., a
sealing, cutting or stapling procedure, 1s not received and the
procedure 1mput 1s 1n an off state. At S3, an mput indicative
of a user’s desire for the end eflector 606 to perform a
surgical procedure that relies on a relatively high gripping
force 1s recerved, indicated 1n the state diagram as procedure
input 104 transitioming from an off state to an on state. The
surgical procedure to be performed may be one or more of,
for example, a sealing procedure, a cutting procedure, etc.
However, 1t 1s to be understood that these procedures are
merely meant to be exemplary and any other type of
procedure that would be implemented using a high gripping
force by an end eflector gripping device may be indicated by
actuation of the mput devices, such as pedals 808.

At S3, when both the master grip mput signal 100 has
reached the squeezing force threshold level and an addi-
tional input has been received at a procedure mput device,
such as one or more pedals 808, at the surgeon console 802,
indicating that the high gripping force procedure 1s to be
performed, 1.e., the procedure input 104 1s 1n an on state,
then the motor torque and corresponding slave gripping
force 102 1s increased from the relatively low levels shown
between S2 and S3, to the relatively higher levels depicted
at S3. In various exemplary embodiments, the high torque
level of the servomotor that ultimately causes actuation of
end eflector grip, which results 1 the relatively higher
oripping force, may be about 1.5 Nm. The relatively high
torque level of the motor and the relatively high gripping
force of the end eflector gripping device 700 are maintained
at least through to the completion of the procedure, such as,
e.g., a sealing procedure, a cutting procedure, etc. It 1s noted
that the 0.3 Nm lower gripping force at the end effector and
the 1.5 Nm higher gripping force at the end effector may be
altered, depending on a desired slave gripping force. In
another embodiment, the servomotor may actuate a clutch
mechanism provided at the force/torque drive transmission
mechanism 602, which actuates the end effector, increasing
the gripping force at the end eflector to the higher gripping
force.

In some exemplary embodiments, a grip force torque
control mechanism may be interfaced with the servomotor to
ultimately control the delivery of the torque forces to actuate
the end etlector.

Reference 1s made to U.S. Provisional Application No.
61/491,804 (filed May 31, 2011; enftitled “GRIP FORCE

CONTROL IN A ROBOTIC SURGICAL INSTRU-
MENT™), the entire contents of which are incorporated
herein by reference, for an exemplary embodiment of a
vessel sealing and cutting instrument that utilizes a spring
assembly 1n the transmission backend to transmit and con-
trol the torque from the servomotor that 1s delivered to the
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end effector. Those having ordinary skill in the art would
appreciate that the control techniques described herein could
be used 1n combination with such a transmission system.

The surgical procedure, such as sealing or cutting, may
occur while both the additional input, such as the depression
of one or more pedals 808, 1s actuated and the squeezing
force at the master grip input levers 900a, 9005 1s main-
tained at or above the squeezing force threshold. At S4, the
system senses the completion of the desired procedure and
signals such to the user at the surgeon console 802, or at any
location that would provide such an indication to a user, after
which the user may be prompted to stop the master grip
iput by, for example, releasing the grip levers 900a, 9005.
The surgical procedure, such as sealing, cutting or stapling,
therefore ends at S4, indicated by the ofl state 1n the state
diagram. The surgical procedure may be indicated by ending
actuation of the seal, cut or staple input device (e.g., releas-
ing one of the pedals 808), by recognizing, for example, that
the tissue has been cut or by recognizing that the tissue has
been sealed (e.g., by analyzing the conductance of the
tissue), etc.

The surgical procedure may end when the user, e.g., the
surgeon, releases the additional mput device, such as, for
example, one or more pedals 808. In another embodiment,
the surgical procedure 1s performed until a processing
device, such as an electrosurgical processing unit at, for
example, the electronics/control console 804, senses that the
procedure has been completed based on detecting informa-
tion from the tissue. For example, the procedure may be
sensed to have been completed when the tissue 1s deter-
mined to be less conductive after, for example, a sealing
procedure. In another example, a cutting element position
may be used to indicate that the procedure, such as a cutting,
procedure, 1s complete. One of ordinary skill in the art would
recognize that the procedure may be performed only while
the mput device 1s actuated or may be performed upon
actuation of the mput device and ended after a processing
device determines that the procedure may end, such as, for
example, when the gripped tissue has been fully cut, after a
designated amount of time has elapsed from the 1nitiation of
the surgical procedure, efc.

In the exemplary embodiment shown in FIG. 1A, the
master grip input signal 100 1s maintained in an on state after
the surgical procedure ends at S4. The master grip input
signal 100 can be maintained in the on state, for example,
until a releasing threshold 1s sensed at the master grip levers
900a, 9005 of the master grip mput mechanism 806. The
releasing threshold may be a releasing amount of release of
the master grip levers 900a, 9005 beyond a specific releasing,
amount and may provide a safety mechanism to ensure that
a user 1s mtending to stop a procedure that uses a relatively
high gripping force. The releasing threshold may be approxi-
mately 20 percent or more of a releasing amount of the
master grip levers 900q, 9005 at the master grip input
mechanism 806. In an exemplary embodiment, the releasing,
threshold may be about a 20% release of the second biasing
mechanism of the master grip mput mechanism 806 when
the grip levers 900a, 9005 have been released at S5. That 1s,
the releasing threshold may be indicated by, for example, the
release of the second biasing mechanism, such as second
spring 904 shown in FIGS. 9A-9B, a bumper, etc., to a point
that 1s indicative of the user’s intent to release the grip, rather
than a repositioning or shifting of the user’s grip. For
example, a release of the second biasing mechanism to a
point 20% to 40% away from the fully closed/actuated
position, may be indicative of an intentional release by the
user. It should be understood that the release range 1s
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exemplary, and a specific range may be chosen based on the
type of procedure, the type of grip used, the type of biasing
mechanism used, and other factors. If the user, e.g., a
surgeon, releases the master grip input levers 900a, 9005 of
the master grip input mechamism 806 at the surgeon console
802, when a processing device recognizes that the grip
levers 900a, 9005 have been released beyond the releasing
threshold at S5, the slave gripping force 102 decreases from
the high torque level indicative of a high grip at S35. The
slave gripping force 102 may decrease from the higher
torque level to the lower torque level or, 1n an alternative
embodiment, may decrease from the higher torque level
indicative of the high gripping force to no torque.

In an alternative embodiment, as shown in FIG. 1B,
instead of remaining at the relatively high levels after the
end of the surgical procedure at S4, the motor torque and
corresponding slave gripping force 102 can automatically
drop to a relatively low level when the surgical procedure 1s

complete, but prior to the releasing threshold being reached.

Although FIGS. 1A and 1B show a sealing or cutting
operation, one of ordinary skill 1n the art would understand
that a combined sealing and cutting operation may occur.

FIG. 2 1s a state diagram of a method for controlling
oripping force of a robotically-controlled surgical instru-
ment end eflector that performs a sealing procedure fol-
lowed by a cutting procedure 1n accordance with another
exemplary embodiment. FIG. 2 1s stmilar to FIG. 1 at S0-54
in relation to the master grip iput 100, the slave gripping
force 102 (which may be based on motor torque, for
example), and the additional seal mput 200. According to
this embodiment, however, after the sealing procedure 1s
performed at S3-S4, the motor torque and slave gripping
force 102 return to a relatively low torque level at S4 until
a subsequent operation, such as an arming operation which
corresponds to a readiness of the user to perform a cutting
procedure, occurs at S5. In an alternative embodiment,
shown 1n FIG. 3, the slave gripping force 102 remains at the
relatively high torque level from S4 to S5.

In order to provide an additional safety feature to prevent
a surgeon irom unintentionally performing a cutting proce-
dure until the surgeon intends for the procedure to occur, at
S5, the user provides a second additional iput 202, for
example through actuation of an input device, such as one or
more of pedals 808 (which may be a different pedal, for
example, than the pedal used for the additional seal mput
200), to indicate a readiness to actuate the surgical instru-
ment 600 to perform the cutting procedure, 1.¢., the surgical
istrument 1s “armed”. The “arming’ state 1s indicated 1n the
state diagram as the arm/cut input 202 transitioming from an
ofl state at S4 to an on state at S5 1n anticipation of a cutting
procedure. When the arming input 202 has been received at
S5, 1f the motor torque and slave gripping force 102 are at
relatively low levels, as shown in FIG. 2, they increase to
relatively high levels at S5 during the “arming™ operation.
Following the arming input by the user, an output signal can
be output to provide feedback to the user that indicates that
the user has “armed” the surgical instrument 600.

In the alternative, 11 the motor torque and slave gripping
force 102 were not decreased between the sealing and
arming stages at S3 and S5, respectively, then the relatively
high levels can be maintaimned. The high motor torque and
corresponding slave gripping force 102 can be maintained
alter the arming of the end effector 606 occurs at SS5. The
arm/cut mput 202 transitioning from an on state at S5 to an
ofl state at S6 1n the state diagram indicates that the input to
“arm” the surgical instrument 600 has ended.
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After “arming” the surgical instrument 600, a user at the
second additional mput device, e.g., one or more of the
pedals 808 at the surgeon console 802, provides another
input to begin the cutting procedure at S7, which 1s indicated
in the state diagram as the arm/cut input 206 transitioning °
from the ofl state at S6 to the on state at S7. After the cutting
procedure ends, indicated by the arm/cut mnput 202 returning,
to an off state at S8, the motor torque may either be
maintaimned at the relatively high torque level until the
releasing threshold has been reached at 89, as shown in FIG.
2, or the motor torque may drop to the relatively low torque
level or no torque immediately following the cutting opera-
tion.

For additional details regarding arming the surgical
instrument prior to performing the cutting operation, refer-

ence 1s made to U.S. Provisional Patent Application No.
61/491,647 (filed on May 31, 2011; entitled “POSITIVE
CONTROL OF ROBOTIC SURGICAL INSTRUMENT
END EFFECTOR”), the entire contents of which are incor- 3¢
porated herein by reference.

It may be understood that while the exemplary embodi-
ment of FIG. 2 indicates that the motor torque and slave
gripping force 102 are maintained at the relatively high
torque level from the initiation of the arming input at S5 25
through the beginning of the cutting operation at S7, 1n an
alternative embodiment, they may decrease from a high
torque level to a low torque level between the end of the
arming imput at S6 and the beginnming of the cutting operation
at S7. In another embodiment, the relatively low torque and 30
slave gripping force levels can be maintained from the end
of the sealing operation at S4 through the initiation of the
cutting operation at S7. In yet another embodiment, the
motor torque may be lowered to the low torque level after
the sealing operation at S4, raised to the high torque level 35
during the arming operation at S5, lowered to the low torque
level after the end of the arming operation at S6 and then
ultimately raised to the high torque level during the cutting,
operation at S7. It will be understand by those of ordinary
skill 1n the art that any combination of torque and slave 40
oripping force levels may be applied, with the exception of
the sealing or cutting procedures which require the higher
oripping force, and thus higher torque level, through the
pendency of those procedures.

In addition, as shown in FIG. 3, the motor torque and 45
slave gripping force 102 may be maintained at the relatively
high levels from the 1nitiation of the sealing operation at S3
through at least the end of the cutting operation at S8 and
optionally until the releasing threshold has been achieved at
59. 50

As shown 1 FIG. 4, in an exemplary embodiment, the
sealing procedure may not be performed and only an arming
and subsequent cutting procedure may be performed. The
slave gripping force 102, controlled by the motor torque for
example, may be increased at the arming operation at S3 to 55
a relatively high level and maintained at the high level either
through the pendency of the cutting operation at S6 or until
the releasing threshold has been achieved at S7.

As mentioned above, 1n various exemplary embodiments,
it may be desirable to control DOF movement of the surgical 60
istrument, e.g., of the wrist and/or shaft, when performing
various surgical procedures. Such control may be desirable,
for example, to provide stability and/or other control over
the surgical istrument during procedures that require high
ogripping force. Accordingly, various exemplary embodi- 65
ments, contemplate locking and unlocking (1.e., allowing or
preventing) one or more DOF movement of the surgical
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instrument depending on the state of the surgical instrument
and the particular procedure being performed by the surgical
instrument.

Turning now to FIG. 5, a state diagram that depicts an
exemplary control method, including control over the DOF
movement ol the surgical instrument, 1s depicted. The
degrees of freedom (DOFSs) of the surgical instrument, such
as the pitch and vaw through the wrist mechanism 606, the
roll through the shait 604 and the movement of the instru-
ment 600 1 X, Y, and Z directions, which 1s controlled by
the jointed arms 810 of the patient side cart 800, are locked
or unlocked depending on, for example, the operation
involved. For purposes of simplicity, the slave gripping
force 102 has been omitted as the unlocking and locking of
the DOFs 500 occurs independently of the operation of the
slave gripping force 102.

At S3, when the sealing 1mput 1s received and the master
orip put 1s above the gripping force threshold, the DOFs
500 are locked, indicated by the transition from the off state
at S2 to the on state at S3. When the sealing procedure ends
at S4, the DOFs 500 may be unlocked to permit, for
example, the surgeon to be able to manipulate the surgical
istrument to move tissue or the like. In an alternative
embodiment, the DOFs 500 may be maintained 1n a locked
state following the sealing procedure at S4. Turning back to
FIG. 5, when an input 1s recerved to indicate an armed state
of the surgical instrument, at S5, 1f the DOFs 500 have been
unlocked, the DOFs 500 are locked during the arming
operation. The DOFs 500 may be locked through the end of
arming at S6, through the mitiation of cutting at 87, through
the end of cutting at S8, and through until the releasing
threshold has been achieved at S9.

In an alternative embodiment, the DOFs 500 may be
unlocked from after the sealing procedure at S4 through the
initiation of the cutting procedure at S7, whereupon the
DOFs 500 are locked, i1.e., the DOFs 500 are unlocked
during the arming procedure. In another alternative embodi-
ment, the DOFs 500 may be unlocked between each of the
procedures, €.g., between S4 and S5, and between S6 and
S7. Further, the DOFs 500 may be unlocked immediately
following the cutting procedure at S8. Additionally, one or
more DOFs 500 may be selectively locked or unlocked
between procedures, e.g., the sealing or cutting procedures,
and/or operations, ¢.g., the arming operation, or during the
procedures or operations.

While the unlocking and locking of the DOFs 500 occurs
independently of the higher and lower slave gripping forces
at the end eflector, the DOFs 500 are typically locked while
the higher gripping force occurs at the end eflector and the
DOFs 500 are typically unlocked while the lower gripping
force or the zero gripping force occurs at the end effector.

While procedures such as sealing and cutting have been
disclosed, one of ordinary skill in the art would recognize
that the present disclosure 1s not limited to the sealing and
cutting procedures described and any of a variety of proce-
dures that utilize a surgical instrument, e.g., stapling, etc.
may be used.

Therefore, various exemplary embodiments in accor-
dance with the present disclosure can provide a gripping
force control scheme that increases a gripping force of an
end eflector gripping device to a higher level when two
inputs indicative of an 1increased grip level and an mitiation
ol a surgical procedure are both received. Further, various
exemplary embodiments of the present disclosure also can
enhance stability and control of a surgical instrument during
a surgical procedure, even when relatively high gripping
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forces are used, by locking and unlocking various instru-
ment DOF motions depending on the operational state of the
surgical instrument.

The embodiments can be implemented in computing
hardware (computing apparatus) and/or software, such as (in
a non-limiting example) any computer that can store,
retrieve, process and/or output data and/or communicate
with other computers. The results produced can be displayed
on a display of the computing hardware. One or more
programs/soitware comprising algorithms to eflect the vari-
ous responses and signal processing 1n accordance with
various exemplary embodiments of the present disclosure
can be implemented by a processor of or in conjunction with
the electronics/control console 804, such as an electrosur-
gical processing unit discussed above, and may be recorded
on computer-readable media including computer-readable
recording and/or storage media. Examples of the computer-
readable recording media include a magnetic recording
apparatus, an optical disk, a magneto-optical disk, and/or a
semiconductor memory (for example, RAM, ROM, etc.).
Examples of the magnetic recording apparatus include a
hard disk device (HDD), a flexible disk (FD), and a magnetic
tape (MT). Examples of the optical disk include a DVD
(Digital Versatile Disc), a DVD-RAM, a CD-ROM (Com-
pact Disc-Read Only Memory), and a CD-R (Recordable)/
RW.

As described above, the methods and systems 1n accor-
dance with various exemplary embodiments can be used 1n
conjunction with a surgical mstrument having an end eflec-
tor configured to perform multiple surgical procedures via
components that are actuated via a transmission mechanism
at the proximal end of the instrument. Further, according to
an aspect ol the embodiments, any combinations of the
described features, functions and/or operations can be pro-

vided.

Other embodiments of the invention will be apparent to
those skilled in the art from consideration of the specifica-
tion and practice of the present disclosure and claims herein.
It 1s mtended that the specification and examples be con-
sidered as exemplary only, with a true scope and spirit of the
invention being indicated by the following claims.

What 1s claimed 1s:
1. A surgical device, comprising:
an 1nstrument comprising an end effector, the end eflector
comprising a gripping mechanism configured to apply
gripping force and one or more tools configured to
perform a surgical procedure;
a grip mput mechanism operably coupled to actuate the
gripping mechanism to apply gripping force;
a procedure mput mechanism operably coupled to actuate
the one or more tools to 1nitiate a performance of the
surgical procedure; and
a controller operably coupled to the grip mnput mechanism
and to the procedure mmput mechanism, wherein the
controller 1s configured to:
control the gripping mechanism to apply a first gripping
force at a first threshold level in response to recerv-
ing a grip mput command from the grip input mecha-
nism;

control the one or more tools to perform the surgical
procedure 1n response to receiving a procedure mput
command from the procedure mput mechanism dur-
ing application of the first gripping force by the
gripping mechanism; and
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control the gripping mechamsm to apply a second
gripping force at a second threshold level higher than
the first threshold level during performance of the
surgical procedure.

2. The surgical device of claim 1, wherein the one or more
tools comprises a cutting blade.

3. The surgical device of claim 1, wherein the one or more
tools comprises a stapler.

4. The surgical device of claim 1, wherein the controller
1s configured to:

detect a condition of tissue gripped by the gripping

mechanism; and

control the gripping mechanism to alter the second grip-

ping force 1n response to the detecting of the condition.

5. The surgical device of claim 1, wherein the 1nstrument
further comprises a shaft having a proximal end and a distal
end, wherein:

the end eflector 1s coupled to the distal end of the shatt,

and

a Torce drive mechanism 1s coupled to the proximal end of

the shaft and 1s operably coupled to the end eflector.

6. The surgical device of claim 5, wherein the force drive
mechanism 1s actuatable in response to at least one of
gripping mput at the grip mput mechanism or procedure
input at the procedure mput mechanism.

7. The surgical device of claim 1, wherein the controller
1s configured to provide at least one of auditory, visual, and
haptic feedback on the surgical procedure.

8. A method for operating a surgical device, comprising:

recerving a grip mput command from a grip input mecha-

nism, wherein the grip input mechanism actuates a
gripping mechanism of an end eflector of an instrument
to apply gripping forces;

controlling, 1n response to the grip input command, the

gripping mechanism to apply a first gripping force at a
first threshold level;

recerving a procedure input command from a procedure

input mechanism, wherein the procedure input mecha-
nism actuates one or more tools of the end effector of
the instrument to mtiate performance of a surgical
procedure;

controlling, 1n response to the procedure input command,

the one or more tools to perform the surgical procedure
during application of the first gripping force by the
gripping mechanism; and

controlling the gripping mechanism to apply a second

gripping force at a second threshold level higher than
the first threshold level during performance of the
surgical procedure.

9. The method of claim 8, wherein controlling the one or
more tools comprises controlling a cutting blade to perform
a cutting procedure.

10. The method of claim 8, wherein controlling the one or
more tools comprises controlling a stapler to perform a
stapling procedure.

11. The method of claim 8, the method further compris-
ng:

detecting a condition of tissue gripped by the gripping

mechanism; and

controlling, 1n response to the condition of the tissue, the

gripping mechanism to alter the second gripping force.

12. The method of claim 8, wherein controlling the
gripping mechanism to apply the second gripping force
COmprises:

controlling a force drive mechanism coupled to the grip-

ping mechanism to apply the second gripping force.
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13. The method of claim 12, wherein the force drive
mechanism 1s controlled in response to at least one of
gripping input at the grip input mechanism or procedure
input at the procedure input mechanism.

14. The method of claim 8, the method further compris- 5
ng:

providing an output of at least one of auditory, visual, and

haptic feedback on the surgical procedure.

G x e Gx o

18



	Front Page
	Drawings
	Specification
	Claims

